The melting curve of lithium between ambient pressure and 64 GPa is measured by detection of an abrupt change in its electrical resistivity at melting and by visual observation. Here we have used a quasifour-point resistance measurement in a diamond anvil cell and measured the resistance of lithium as it goes through melting. The resistivity near melting exhibits a well documented sharp increase which allowed us to pinpoint the melting transition from ambient pressure to 64 GPa. Our data show that lithium melts clearly above 300 K in all pressure regions and its melting behavior adheres to the classical model. Moreover, we observed an abrupt increase in the slope of the melting curve around 10 GPa. The onset of this increase fits well to the linear extrapolation of the lower temperature bcc-fcc phase boundary.
At ambient pressure, lithium is the lightest metallic element and the prototype of a simple metal, with a nearly spherical Fermi surface. The structural and electronic properties of lithium at high densities are highly counterintuitive [1] [2] [3] [4] [5] , and under high pressure, lithium undergoes a series of symmetry-breaking structural phase transitions [6, 7] . The properties of lithium under pressure have attracted considerable attention, especially because of its possible analogy to metallic hydrogen and considerable quantum solid behavior (e.g., [8] [9] [10] [11] [12] [13] [14] [15] ). Despite a broad interest, the high pressure properties of lithium above 200 K are poorly studied. This is due to technical challenges caused by the reactivity, at high pressure and temperature, of lithium with diamond, which is the building block of static high pressure diamond anvil cells (DACs). Recent structural studies on lithium in a diamond anvil cell used x-ray diffraction to characterize the region between 77 K and room temperature at pressures up to 120 GPa. The study found that the diffraction lines had disappeared in the region between 40-60 GPa at temperatures as low as 190 K, which can be indicative of melting. This study, together with earlier high pressure melting measurements up to 15 GPa, using differential thermal analysis (DTA) in a multianvil cell [7, 9, 16, 17] , suggests a very sharp drop in the melting line between 15-40 GPa. Lithium's structure changes from fcc to lower symmetry structures in the region around 40 GPa, which according to recent molecular dynamic calculations is followed by a sharp decrease in the melting temperature to 280 K at about 60 GPa [18] . The drop in the melting temperature of lithium suggested by x-ray studies is in qualitative agreement with the molecular dynamics calculations. However, above 40 GPa, melting was observed at much lower temperatures than predicted, which has been attributed to quantum effects caused by large lattice dynamics of lithium. No prior experiments before our study have observed this drop in the melting temperature directly, and in the pressure range between $15-40 GPa no experimental data have been available [16, 17, 19] . Several methods have been employed to determine melting temperature at high pressure. These include differential thermal analysis, a technique suitable for larger volume pressure cells, as well as latent heat measurements, laser reflection, x-ray diffraction, discontinuity in the physical properties of the material, and visual observation of melting and crystallization [17, 20, 21] . Determination of the onset of melting at high pressure in a diamond anvil cell, in which the sample size is small, can be very challenging. In the particular case of lithium, which is highly reactive with diamonds at high pressures and temperatures, all previous diamond anvil cell experiments were conducted in cryostats. Those experiments conducted above room temperature were done in large volume, relatively low pressure cells. In this study for the first time we unified these two pressure and temperature ranges with a single method.
We attempted four different methods of determining the onset of melting: observation of the laser speckle pattern with simultaneous latent heat measurement, direct visual observation, and electrical resistance measurement. Of these, only the latter two methods were successful. The low melting temperature of lithium made remote temperature sensing by blackbody radiation impractical. Successful blackbody measurements are crucial to both speckle motion and latent heat methods. (Some surface effects were observed during laser heating which are explained in Supplemental Material [22] .)
To collect the data presented here, we used two complementary methods. First, we used direct visual observation of the melting of lithium in an argon pressure medium below 35 GPa. Direct observation of the melting requires a relatively soft pressure medium. As lithium melts, its shape changes to minimize surface area. Determining the onset of melting visually, with a small sample, in a solid pressure medium, is difficult and susceptible to large errors. Therefore, to confirm these visual data, we used a quasi-four-probe resistance measurement to detect the abrupt jump in electrical resistivity as the sample melts across the entire pressure range studied. The abrupt jump in the electrical resistivity of normal metals at melting has been known for a long time [23, 24] . Recently, this effect has been used in a novel design to determine the melting of Au and tin in a diamond anvil cell up to 21 and 45 GPa, respectively [25, 26] . However, in these measurements the circuit was optimized for reaching very high temperatures by resistive heating of a thin film of sample in situ, and the jump in the resistivity of the sample was a 5% effect. Using the same principle in our measurement, we used a conventional quasi-four-probe resistivity circuit that allows determination of the jump in resistivity with much higher sensitivity ( Fig. 1) . Detection of melting by the abrupt jump in resistivity relies upon the characteristics of the melting transition rather than upon the differences between solid and liquid phases, and so it very precisely detects the onset of melting while preventing confusion with, e.g., an amorphous phase [23, 24, 27, 28] . The resistivity method is a tabletop experiment providing a very clear and sharp signal which is reproducible. In his paper, Mott has shown that the resistivity of normal metals just below and above their melting point approximately follows the relation
, in which L and s are resistivities of a metal in liquid and solid phase at the melting temperature respectively, L is latent heat of fusion in kJ=mol, and T M is the melting temperature in degrees kelvin. The presence of a solid pressure medium allows confinement of the sample to prevent it from flowing away from the leads upon melting. This method also allows the observation of mixed solid phases and crossing of the solid-solid phase boundary in regions where structural phase transitions occur (Fig. 2) . Also, this method allows estimation of the latent heat of metals at high pressure. In the presence of a solid pressure medium, which serves to confine the sample to roughly the same shape, the measured jump in resistance would be sufficient to empirically estimate the latent heat of fusion based on Mott's equation. One notable drawback to this method is that it is limited to metals.
In this Letter we present an extensive determination of the high pressure melting of lithium to 64 GPa. A sample of lithium was loaded directly onto the leads inside an argon glove box. To prevent reaction of the diamonds with the sample, a layer of alumina (Al 2 O 3 or LiF) of approximately 10 m thickness was baked onto the diamond culets, and alumina or LiF nanopowder was used as a pressure medium. Proper baking time was necessary to remove the moisture prior to loading the lithium. No epoxy was used in the vicinity of the lithium. An insulated stainless steel gasket with a 150 m hole was used in all cases. The sample was 99.9% pure lithium with a natural isotopic This variability, and the difficulty of determining precise sample size in situ, precluded measurement of the absolute resistivity of the sample; the discrete change in resistivity indicative of melting is not impacted by sample size. Pressure was calculated before and after melting by ruby scale. To enhance the signal quality and reduce the resistive heating of the sample, ac resistance measurements were done using a small current I rms $ 100 A. We measured resistance with a quasifour-probe system using Ta and Pt as electrodes and the data were collected by a lock-in amplifier (Fig. 1) . The resistivity of the combined solid electrode-lithium voltage path was on the order of 10 À7 m at room temperature, with a temperature coefficient on the order of $10 À3 =K. These values were pressure dependent and also dependent on the relative dimensions of the lithium sample and the electrodes. By measurements of the relative size of the sample, including the leads in each pressure point, and comparison of our data to the theory of melting in metals, some very crude numerical estimates of the latent heat of lithium and temperature dependence of its resistivity are possible. These estimates would give a rough value of jump in resistance of lithium of about 2 times on all transitions.
Temperature was increased isobarically for each data point. The results from both of these methods, in the region they overlap, are consistent within the error (Fig. 3) . The temperature of the whole DAC was controlled in two ways. Near room temperature, a homemade ceramic oven resistively heated the DAC and was initially precooled with a dry ice bath. The DAC was heated at a rate slow enough to avoid thermocouple delay ($ 0:5 K= min ). Between 77 and 325 K, the DAC was cooled with liquid nitrogen in a cryostat and data collected during passive warming (< 0:2 K= min ). The temperature in both cases was recorded on the gasket surface.
One of the problems in high pressure and temperature studies of lithium is its high chemical reactivity. Lithium reacts with diamond at elevated pressures, which leads to failure of the experiment and the diamonds. Several methods have been employed to minimize this reactivity, including limiting the studies to lower temperatures typically below 200 K. This would not be suitable for completing the phase diagram from 15-30 GPa based on previous studies [7, 16, 19] . Lithium can flow through small cracks at high pressure, and a sufficiently thick layer of nonreactive pressure medium is required to protect the diamonds and preserve sample purity. To maintain the purity of the lithium sample in our experiments, we separated the lithium from both diamond anvils by nonreactive pressure transmitting media. In the two different parts of this study, by visual observation and electrical resistivity, argon, alumina, and LiF were used as pressure transmitting media. LiF is nonreactive with lithium. At ambient pressure, argon and alumina do not react with lithium to the highest temperatures of this study (< 600 K). We excluded the possibility of any reaction between alumina, argon, and LiF at high pressure and confirmed the lack of any reaction between the diamonds and the sample by several observations. (a) Lithium remained shiny throughout both resistivity and visual observation experiments and no sign of darkening, change of color, or loss of metallic luster was   FIG. 2 (color online) . Jump in resistivity at (a) 19 GPa, well within the boundaries of the fcc phase, and (b) 40 GPa, which is at the boundary of fcc and CI16. The broadening of the melting signal in the latter was reproducible, indicating the existence of mixed solid phases. The higher temperature arrow defines the completion of the melting transition and the lower temperature arrow gives the lower limit of melting. The resistances are estimated after subtraction of the lead contribution and would approximate L 40 GPa $ 3 kJ per mole and L 19 GPa $ 5 kJ per mol, using Mott's equation .  FIG. 3 (color online) . The melting curve of lithium [7, 9, 16] . Solid lines represent the boundaries of solid structures determined by x-ray diffraction [6, 7] . The dotted line is the interpolated bcc-fcc phase boundary. The dashed line is to guide the eye along the melting curve of lithium. The shaded area is the region below the melting curve in which x-ray diffraction lines disappear in condensed lithium. Pressure uncertainties are AE1 GPa. Slope changes at 9 and 35 GPa represent small but clear change in the resistance versus temperature (+).
observed over long periods of data collections (Fig. 1) . Data were collected in five separated runs, each lasted anywhere from two to seven days. (b) The diamonds remained intact after completing each pressure run and were reused. (c) Some of the ruby spheres (Cr þ doped Al 2 O 3 ) that were used to measure the pressure were embedded in the sample, and all of them remained active.
(d) After cooling, the electrical resistance of the sample returned to the initial value at lower temperatures. This, however, required several hours of annealing to recover the sample from cold working. (e) The discontinuity at electrical resistivity was observed at the same temperature for a given pressure and was reproducible. (f) While there was hysteresis between melting and recrystallization, melting occurred consistently at the same temperature. The recrystallization temperature was highly dependent upon the rate of cooling, and in all instances recorded, it was lower than the melting temperature. This difference between the melting and recrystallization temperatures of lithium have been reported previously at ambient pressure [16] and is observed in many materials due to cold working [29] [30] [31] .
(g) Consistent melting data points have been taken in random pressure order during several runs, in one of which the sample was kept in a cryostat and below room temperature during the entire run. (h) During resistivity measurements we once cooled the sample to 4 K and measured its superconductivity at 45 GPa, which was consistent with previous electrical resistivity measurements on lithium [2] . (i) The resistivity measurement resulted in consistent melting temperatures for both LiF and alumina as the pressure medium.
In this study, we measured the melting line of lithium up to 64 GPa and observed several new phenomena (Fig. 3) . At about 10 GPa, we observed a jump in the melting temperature which may be indicative of a structural phase transition from bcc-fcc; this change agrees with the Clausius-Clapeyron relation, as the fcc phase is denser than the bcc phase. The melting temperature decreased monotonically and very quickly between 11-40 GPa, going from 535 to 310 K, in qualitative agreement with previous interpolations. This rapid decrease in melting temperature is consistent with theory, and may be indicative of the onset of a symmetry-breaking phase transition from fcc to a lower symmetry phase. The melting temperature showed a very flat landscape between 40-64 GPa and reached a minimum of 306 K at about 44 GPa. We did not observe any indication of melting below room temperature down to 77 K at any pressure, and the resistivity of the sample between 77-279 K had a nearly linear temperature dependence in all pressures (Fig. 4) . At two pressures, 19 and 35 GPa, an obvious change in slope was observed (Fig. 3, inset) . This change in slope in both cases is seen at pressures and temperatures very near solid-solid phase boundaries. We did not observe any obvious change in slope in the range of 200 K between 40 and 60 GPa, which would indicate a change in phase at the previous reported ''cold melting'' region. Our experimental limitation in determining the absolute value of the resistivity of lithium in the present experiments does not allow us to estimate the pressure dependence of the resistivity of lithium on a high temperature isotherm. A four-probe resistivity measurement at room or higher temperature would provide insight to the electronic properties of this phase.
We observed a large contrast between our melting temperatures above 40 GPa with earlier results on the melting curve of lithium using an x-ray diffraction technique [7] . Above 40 GPa, lithium undergoes several symmetrybreaking structural phase transitions to low symmetry phases and the x-ray studies on the sample are very challenging. Loss of solid x-ray diffraction peaks is not a proof of melting if the liquid peaks are not observed. which is the case for the previously reported melting line ( [7] , Methods section). One possibility is that the lithium in these x-ray studies has been supercooled to form a glassy, or highly disordered, phase due to cold working. Information on the thermodynamic paths of the sample is necessary to rule out this possibility. While detailed information is not provided in the previous x-ray studies about the thermodynamics paths of the sample, it has been specified that the sample has been mainly kept below 200 K and in some instances data could have been collected at 300 K for 2-3 h, which may not be sufficient time for annealing the sample. Cold working can cause a drop in the recrystallization temperature, and in lithium we could show a very large effect at ambient pressure by rapid cooling of the sample [ Fig. 1(d) ]. Recrystallization temperature (T RC ) is not a fixed temperature like melting point temperature (T m ), and in pure metals it can be as low as T RC ¼ 0:4T m [32] . The recrystallization behavior depends on several variables, including temperature, time, initial grain size, and amount of recovery or polygonization prior to the start of recrystallization [32] , and the extent that material is cold worked can be substantial in high pressure experiments.
In conclusion, the result of this study does not support any drastic effect on the melting temperature due to lattice quantum effects at any pressure, in contrast to previous x-ray experiments [7] . Our results, however, do not exclude the importance of lattice quantum dynamics, which are present in both liquid and solid phases, to the high pressure properties of lithium.
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